Abstract Purpose: Colorectal carcinoma (CRC) can be divided into two nonoverlapping groups: those that are chromosomally unstable but microsatellite stable (MSS CIN+) and those that are chromosomally stable but microsatellite unstable (MSICINÀ). However, a third group with neither chromosome nor microsatellite instability (MSS CINÀ) makes a substantial contribution to the total CRC burden. The clinicopathologic features of MSS CINÀ CRC are not well delineated. We assessed the relationship between age and chromosomal instability (CIN) status as measured by ploidy and allelic imbalance in a series of MSS tumors. Experimental Design: We studied a prospectively collected series of CRC patients at Mayo Clinic Rochester. A total of 84 samples of MSS CRC in patients V50 years old were identified between 1994 and 1997. A consecutive series of 90 MSS CRC in patients z65 years old served as a comparison group. CIN status was assessed using two techniques: ploidy analysis by flow cytometry and small chromosome changes as measured by genomewide fractional allelic imbalance. Results: CRC in the young-onset group was more likely to involve the rectum and to be high stage. MSS tumors in the young-onset group were more often diploid (46%) than those in older patients (26%; P = 0.006). This difference was maintained in the subset of MSS CRC that were high stage (42% versus 18%; P = 0.02) and in rectal cancers (50% versus 23%; P = 0.04). Conclusion: A greater proportion of young patients with MSS CRC has diploid tumors than patients who develop MSS CRC over age 65.
Colorectal cancer (CRC), the second leading cause of cancer death in the United States, strikes nearly 145,000 individuals each year. The majority of affected patients develop CRC in their mid-60s (1) . Age may be understood as an important contributor to CRC initiation and progression in the context of the multistep model of colorectal carcinogenesis (2) because increasing age leads to more time for exposure to damaging environmental factors, random errors in genetic translation, or errors in DNA replication. However, each year 25,000 individuals who are age 50 or younger develop CRC, accounting for up to 17% of the total CRC burden (3 -6) .
A recent report based on experience from two U.S. cancer registries [National Program of Cancer Registries (NPCR) and the Surveillance, Epidemiology and End Results (SEER)] highlighted the substantial impact that CRC has for young adults and suggested that there are clinicopathologic differences between young and older onset CRC (5) . CRC is among the top 10 cancers to affect individuals ages 20 to 49 across all races (5) . Young-onset CRC is more likely to present at a later stage and to be more poorly differentiated. Young patients are also more likely to develop rectal cancer compared with the older onset population. This epidemiologic information is consistent with the possibility that young-onset CRC could be biologically distinct from older onset CRC.
CRC can be broadly classified as having either microsatellite instability (MSI) or chromosomal instability (CIN). MSI develops in the setting of defective DNA mismatch repair (MMR) and accounts for 15% to 20% of CRC overall. Base-pair mismatches are likely to occur in short-tandemly repeated sequences called microsatellites (7) . Defective DNA MMR is usually related to hypermethylation of promotor sites on hMLH1 (8), but inherited alteration of the DNA MMR genes (9) also leads to CRC with MSI. MSI tumors do not exhibit large deviations in their chromosomal DNA content, typically are diploid, and do not exhibit the large gains or losses associated with CIN (10) . Although there is not a definitive measure for CIN levels, the original classification of CRC into those that showed microsatellite versus chromosomal instability stated that MSI tumors have a diploid DNA content as assessed by flow cytometry. The prevalence of MSI in young-onset CRC is reported to be 8% to 17% (4, 11) , and the prevalence increases with age, approaching 30% in patients over age 90 (12, 13 ). An improved prognosis has been reported in both germ line and acquired examples of MSI CRC.
The remaining 80% of CRC have proficient DNA MMR, i.e., these tumors are microsatellite stable (MSS). These MSS tumors are generally assumed to have CIN. CRC tumors with the CIN phenotype often exhibit major abnormalities in the number and structure of many chromosomes, but genomewide instability in the microsatellite repeat regions of genes characteristic of MSI is not seen. CIN has been equated with aneuploidy, a term applied to cells containing an abnormal number of chromosomes (14) . CRC aneuploidy is most often characterized by an increased number of chromosomes. Aneuploidy is one of the chromosomal changes that occurs as part of the aging process, may be associated with increasing age, and has been estimated to be present in up to 80% of all CRC (11, 15, 16) . The mechanisms underlying these two molecular phenotypes are a crucial component of the framework for molecular genetic subtyping of CRC.
There is at least one additional molecular subtype of CRC, featuring neither microsatellite nor chromosomal instability (17, 18) . Georgiades et al. (17) first described this subgroup of MSS tumors found to have lower levels of loss of heterozygosity(LOH) in combination with a diploid DNA content compared with other MSS tumors that were aneuploid and high levels of LOH. This diploid, low level of LOH group is now termed MSS CINÀ, and several additional studies have substantiated its existence (19 -24) .
Up to 17% of young-onset CRC cases exhibit MSI (4), with many of these young patients having germ line mutations in the DNA MMR system, regardless of family history of CRC. Among the nearly three quarters of young-onset CRC that do not exhibit MSI, most are MSS, and a few are MSI(L) having fewer than 40% of MSI markers having instability. The CIN status of MSS tumors as a function of age at diagnosis has not been systematically evaluated. Chan et al. (20) found that 64% of 22 MSS young-onset CRC were diploid (compared with 13% of MSS older onset), with 7 of those with young-onset MSS diploid CRC having a family history of CRC. Among MSS CRC arising in young Chinese patients, 39% were found to be diploid (25) .
Prompted by these findings and the association of aneuploidy with increasing age, we hypothesized that young-onset MSS CRC would have a higher proportion of CINÀ tumors than older onset CRC. To test this, we assessed CIN status in both young and older age of onset MSS CRC by two measures used as surrogate markers for CIN: (a) flow cytometry to assess ploidy status and (b) genomewide allelic imbalance studies to assess global fractional allelic imbalance (FAI).
Materials and Methods
Colorectal cancer sample. Individuals for this study were selected from a prospectively collected series of 514 CRC patients who underwent surgical resection at the Mayo Clinic (Rochester, MN) from December 1995 until April 1997 (12) and from a separate prospective series of CRC patients who underwent surgery from 1987 to 1988 (26) . Only patients who did not have FAP by clinical criteria and/or APC testing and who had normal DNA MMR in their CRC were included in this study. Immunohistochemical staining for hMLH1, hMSH2, and hMSH6 and MSI testing were done as previously described (12) . Microsatellite markers BAT26, D17S250; D5S346; ACTC, BAT40, BAT 25, BAT 34C4, D10S197, MYCL, and D18S55 were used to assess MSI status, and a tumor was called MSS if none of the markers showed MSI and all immunostains showed intact expression of MMR proteins. No MSI(L) or MSI(H) tumors were included in this study.
Eighty-four patients from these two series were identified as MSS, non-FAP young-onset CRC (age V50 years at the time of surgery). From the 1995 to 1997 series, the first 90 CRC cancers that fit the criteria of arising at an older age (z65 years old) and being MSS were identified to serve as the comparison population. These 90 older onset cases were selected without knowledge of clinical features of their tumors, family history, or outcome.
Clinical features, including gender, age at diagnosis of CRC, tumor stage, and site and family history of CRC were collected via a selfadministered questionnaire or abstracted from the medical record. Family history was defined as being positive if one or more first-degree relative(s) had CRC, and negative if there were no first-degree relatives with CRC.
Allelic imbalance analysis. Frozen tumor and normal epithelial tissue were used for allelic imbalance studies. Full thickness tumor tissue and normal colonic epithelium were excised from surgical specimens, snap frozen in liquid nitrogen, and stored at À70jC. Tissue sectioning was done in a cryostat at À20jC. Tumor tissue was macrodissected to enrich for tumor density (>70% tumor nuclei). Briefly, a 6-Am-thick frozen tumor section was immunostained with H&E and marked as a guide slide by our pathologist (T.C.S.) to identify regions containing z70% tumor nuclei. This slide was then used to identify the region of the corresponding frozen tumor block with only the area earmarked with 70% tumor density being sectioned to be used as the tumor tissue source for DNA. Accompanying normal colonic mucosa, a minimum of 8 cm from the tumor margin was microdissected for epithelial tissue. Sections were placed in extraction buffer, and DNA extraction was done with a proteinase K digestion, phenol/ chloroform extraction as previously described (12) .
Paired normal DNA and tumor DNA were analyzed for allelic imbalance using 97 dinucleotide repeat markers from the ABI Prism Linkage Mapping set (Perkin-Elmer Corp., Foster City, CA). Forty-five of the young-onset tumors and all the older onset CRC were evaluated with an initial marker set of 97 dinucleotide repeat markers. An additional 41 young-onset CRC cases were evaluated using another 97 markers, with 58 of these being common to the initial marker set. To develop a marker panel that could be used on paraffin-embedded samples for future studies, 39 markers from the initial marker set were replaced with markers that amplified PCR products <200 bp and that approximated the chromosomal location of the 39 markers they replaced.
Calculation of FAI scores. To calculate the allelic imbalance ratio, the ratio of two alleles in a tumor was divided by the ratio of the two alleles from the normal epithelium. Allelic imbalance was called positive if the calculated tumor-to-normal ratio was z2. For statistical purposes, if this value was between 0 and 1, the inverse was taken so that all values would be equal to or greater than 1. The global arm FAI score was used as the measure of the global FAI score in this study and was based on the number of chromosomal arms affected, i.e., number of imbalanced arms/number of informative arms.
Flow cytometry. Flow cytometry was done as previously described (27) on 50-Am-thick sections of paraffin-embedded tumor samples, and results were obtained for all reported cases. Tumors were deparaffinized to make a single-cell suspension of nuclei and then stained with propidium iodide (28) . From each tumor, a minimum of 10,000 cells were evaluated by flow cytometry. DNA histograms were than analyzed with Modfit software version 5.4(Verity Software, Topsham, ME). Tumors were assessed as diploid, tetraploid, or aneuploid as previously described (28) . For the purposes of analysis, the designation of a tumor as aneuploid was inclusive of tumors classified as either aneuploid and tetraploid tumors. Statistical analysis. Data are summarized as proportions with confidence intervals for categorical data and as medians (interquartile range) for continuous data. FAI was dichotomized using the median FAI score in the older onset sample. Rank sum tests were used to assess associations between continuous variables and dichotomous variables. m 2 or Fisher's exact tests were used as appropriate to assess association of two categorical variables. The Breslow-Day (29) homogeneity of odds ratios test, which does not distinguish response and predictor variables, was used to assess the association between dichotomous variables controlling for another dichotomous variable. Due to sample variation and exploratory analysis, P values are considered suggestive of significance, and multiple comparisons are not incorporated in the results presented. All analyses were done using SAS (Cary, NC) and S-plus (Mathsoft, WA) software packages.
Results
Patient characteristics. Descriptions of the two patient samples in this study are shown in Table 1 . Statistically significant differences were observed between the two groups. The majority of young-onset tumors presented as later stage tumors, with 69% of the young-onset CRC being diagnosed with regional or distant metastasis, compared with 49% of the older onset cases presenting as late-stage tumors (P = 0.01). The majority of young-onset tumors were rectal, whereas the majority of the older onset tumors were proximal (young onset: 24% proximal, 21% distal, and 55% rectal; and older onset: 48% proximal, 26% distal, 26% rectal; P = 0.0003). Youngonset CRC tended to be poorly differentiated, although this difference was of borderline statistical significance (P = 0.05). The family history of CRC and gender did not differ between the two samples.
Measures of genomic instability. Two measures of genomic instability were done: (a) flow cytometry, which detects overall increases or decreases in DNA content between normal and tumor cells, by assessing larger, gross chromosomal gains or loss, duplications, and amplifications present in the tumor DNA relative to the adjacent normal DNA; and (b) a 97-marker genomewide scan of allelic imbalance (gains and losses) between normal and tumor tissue DNA. Because the majority of other studies that have addressed the phenomenon of CIN status have used flow cytometry as one measure of CIN (17, 18, 20) and studies that have used allelic imbalance as an adjuvant method have used different markers (17) , the allelic imbalance data are reported mainly in reference to the flow cytometry data.
Significant differences in ploidy status were observed between the two groups. Forty-six percent of young-onset CRC were diploid compared with only 26% of the older onset group (P = 0.006; Fisher's exact test; Table 1 ). Among late-stage tumors, young-onset CRC were significantly more likely to be diploid than older onset tumors (P = 0.02; Table 2 ).
Among older onset CRC tumors, the proportion of aneuploid tumors was similar across tumor sites (68% of proximal, 82% of distal, and 77% of rectal; Table 3 ). Seventytwo percent of the young-onset distal colon cancers were aneuploid, mirroring the trend seen in the older onset CRC in all sites of the colon and rectum. However, in young-onset proximal and rectal tumors, the proportion of aneuploid tumors was 45% and 50%, respectively. Although these proportions are significantly different only when comparing young-and old-onset rectal tumors (P = 0.10, 0.71, and 0.04 for proximal, distal, and rectal tumors, respectively), the data also suggest a difference in trend between old-and young-onset tumors at the proximal site.
A significant association was seen between family history and young-onset diploid CRC, with 83% of the diploid youngonset cases having a family history of CRC in at least one firstdegree relative, whereas only 17% of the diploid older onset cases shared a similar family history (P = 0.03). Gender was not significantly related to tumor ploidy status or age of CRC onset.
Recognizing that global FAI scores represent a continuum of values, we characterized a tumor as having high or low FAI by using the median score of the older onset group (0.158) as the lower limit of the high-FAI group. Within the older onset population, 44 were in the high-FAI group, and 46 were in the low-FAI group. A total of 35 young-onset cases were classified as having high FAI based on the median of the older onset group, with 49 young-onset cases having low FAI. The distribution of global FAI score did not differ between the young-and older onset groups when evaluated as a continuous variable using the rank sum test (P = 0.51) or when assessed as a dichotomous variable using the Fisher's exact test (P = 0.36) using the median global FAI score.
When assessing global FAI as a dichotomous variable, 46% of the subjects with low FAI scores had diploid tumors, whereas only 24% of subjects with high FAI scores had diploid tumors (P = 0.004), although global FAI score and ploidy status of a tumor did not have a one-to-one correlation, i.e., in some cases, a diploid tumor had a high FAI score, or an aneuploid tumor had a low FAI score. In the context of the age of cancer onset, the correlation of FAI and ploidy status was particularly clear, and the consistency between these two measures of CIN is illustrated to be most concordant in the young-onset population (P = 0.02, BreslowDay test for homogeneity of odds ratio), with the majority of young-onset diploid tumors compared with fewer than half of the older onset diploid CRC having low FAI scores (Fig. 1) . The correlation between the FAI score, i.e., the majority of low-FAI tumors being diploid and of high-FAI tumors being aneuploid, was most consistently maintained among the young-onset CRC and particularly according to the tumor stage (Table 2 ) and by site (Table 3) , with the only exception occurring in the distal colon.
Discussion
We compared 84 young-onset MSS CRC to 90 older onset CRC using flow cytometry to assess ploidy and determined that the proportion of diploid to aneuploid tumors in young patients differs from older ones. Young-onset MSS CRC were more often diploid than older onset CRC; nearly half of our young-onset MSS CRC were CINÀ by ploidy, whereas older onset CRC were significantly more likely to be aneuploid and exhibit larger scale chromosomal abnormalities.
That we found a significant number of MSS CRC that do not exhibit aneuploidy is consistent with the concept that MSS diploid CRC is an entity distinct from MSS aneuploid CRC. Hawkins et al. reported that MSS diploid CRC without respect to age seemed to be associated with metastases (35% of diploid MSS CRC, 8% of aneuploid MSS CRC, and 0% MSI(H) CRC; P = 0.03), but not to the T or N stage (18) . From their results, Hawkins et al. (18) drew the conclusion that the metastatic tendency of MSS diploid CRC may represent a relatively static genetic state in which the tumor does not evolve to a more aggressive tendency for invasiveness, but that the invasiveness is an inherent, putative feature of the carcinoma. A similar association of MSS CINÀ, here referred to as low CIN, with higher stage tumors had been reported in the index article proposing MSS CINÀ CRC by Georgiades et al. (17) and offered as evidence that MSS CINÀ CRC is not a precursor step to a CIN+ tumor. In our young-onset cases, nearly half of the young-onset CRC cases were diploid regardless of stage, and this supports the concept espoused by Georgiades and Hawkins that MSS CINÀ tumors are not an intermediary step to a CIN+ tumor, but rather a carcinogenic pathway distinct from that of MSS CIN+ CRC.
Our study corroborates the finding by Chan et al., that an increased proportion of distal and rectal MSS tumors are diploid in younger onset CRC patients compared with those Table 3 . Interaction of CRC site and age on chromosomal stability
Proximal colon
Distal colon Rectum (20) . We found that a substantial proportion of the young-onset rectal, but not distal colon tumors were diploid compared with the majority of older onset rectal cancers being aneuploid. Proximal colon and rectal cancer in our young group consistently were more likely to be CINÀ than CIN+ by ploidy and FAI status both individually and in combination. However, the majority of the young distal colon samples were CIN+ by ploidy and FAI, mimicking the distribution seen in all older onset CRC regardless of site. Whether this finding reflects an age-dependent predisposition for young-onset MSS CRC that is CINÀ (by both ploidy and FAI) to develop in certain regions of the colorectum will require confirmation in a larger sample. However, the fact that youngonset CRC is most likely to arise in the rectum according to the SEER and NPCR U.S. cancer registries (5) does support the possibility that there may be biological, perhaps at the level of carcinogenesis, differences that lead to these age-related site and stage disparities.
In a population-based study of patients with young-onset CRC (age < 45 years), known to be negative for germ line mutations of hMLH1 and hMSH2, Jenkins et al. (30) described a strong familial association in young-onset MSS CRC. Data presented by Chan et al. (20) also support that there may be a significant hereditary component within the specific subgroup of young-onset MSS CINÀ CRC, with 50% of those with MSS CINÀ CRC having a family history of CRC. In our study population, we found that cases of diploid tumors in the young were significantly more likely to have a family history of CRC in a first-degree relative compared with the older onset group. Recently, it was shown that MSS CRC has a significant, although lower risk for CRC than those patients with Lynch syndrome, the autosomal dominantly inherited CRC syndrome caused by germ line mutations in the DNA MMR genes (31) . Traditionally, the Amsterdam criteria (AC) define a kindred as at risk for defective DNA MMR CRC if three persons are affected with CRC and (a) at least one person develops CRC at <50 years of age; (b) one person with CRC is the first-degree relative of the other two, and (c) at least two generations are affected with CRC. Lindor et al. found that among kindreds meeting AC with MSS CRC, the standardized incidence ratio of CRC was 2.3 for first-degree relatives not in the original triad that met AC. This condition of AC-positive MSS CRC was termed familial colorectal cancer type X (31). It may be that the MSS diploid young-onset population in particular will provide the context in which to explain this syndrome or to discover another genetic susceptibility to CRC.
The distinction between MSS CINÀ versus MSS CIN+ tumors is difficult to define. Although one definition of CIN indicates that CIN is a rate that can only be determined by measuring the copy-number heterogeneity in colonies from single cells (32) or through cytogenetic meta-analyses of multiple karyotypes (33) , practically, CIN as measured by flow cytometry does seem to have important implications about tumor behavior. Recently, CRC diploidy was found to be significant for prognostication, being associated with improved survival, independent of the MSI status of a tumor (10) . We used flow cytometry as a gross measure of the phenomenon of the presence or absence of CIN, but limitations of flow cytometry may include contamination of tumor DNA with benign cells that could lead to a diploid result when aneuploid tumor cells are diluted by excess benign diploid cells. Hypomorphic mutations in hMLH1 polymorphisms have been reported to be associated with risk for MSS CRC (34) and would not be detectable with either flow cytometry or our FAI panel. The implications of the increased diploid DNA content detected in our young-onset group require additional investigation in a larger population to determine the impact that ploidy status might have on tumor behavior, including aggressiveness and response to treatment. Neither AI, LOH, nor flow cytometry would be able to detect balanced chromosomal rearrangements.
We had expected that, in many cases, the FAI and ploidy data would be similar. Because a low global FAI score reflects that most of the genomewide markers assessed in tumor DNA did not show allelic imbalance, it might indicate that few, if any, large-scale genomic gains and losses had occurred, and thus, a diploid DNA content would be expected. Ploidy and FAI correlated well in our young-onset cases. However, we found disagreement between ploidy and FAI scores, specifically in the older onset cases in which the majority of older onset cases were aneuploid and often independent of the FAI score. This discrepancy could result because allelic imbalance can detect unbalanced structural chromosomal changes, whereas flow cytometry cannot. Possibly, the discordant findings of aneuploidy and a low FAI score result because flow cytometry can identify a small clonal population of aneuploid cells in a predominantly diploid tumor, but that the FAI score is skewed by the greater share of diploid tumor cells. A high FAI score in a diploid tumor may also represent tumor heterogeneity, balanced gains and losses, or possibly micro-chromosomal changes detected by FAI, but not large enough to alter ploidy status. As in our study, a split made on the basis of DNA ploidy analysis may not be correlative with low-level chromosomal change detected by comparative genomic hybridization (CGH) or LOH. Jones et al. have reported disagreement in some tumors between the DNA content measured by flow cytometry and another measure of CIN, CGH microarrays (23) . Some MSS tumors with a diploid DNA content were found to have a (23) .
Further refinement of the appropriate methodology to clarify MSS CIN+ or CINÀ tumors via CGH analysis, methylation analysis, LOH studies, fluorescent in situ hybridization studies, and/or flow cytometry is necessary to more clearly define MSS CINÀ and CIN+ CRC. Rowan et al. (35) propose that CINÀ tumors as determined by ploidy analysis can be subdivided into CIN stable and CIN low on the basis of the total number of chromosomal changes detected by CGH.
Possibly, the combination of ploidy status and another more sensitive measure of chromosomal stability is required to classify a MSS tumor as CINÀ versus CIN+.
Clinically, our young-onset population mirrored that of the general U.S. population reported by Fairley et al., specifically with regard to the findings that young-onset CRC tended to present at higher tumor stage, tended to be located in the rectum and were more frequently poorly differentiated than older onset CRC cases. However, our sample sizes in subgroup analyses are quite small, limiting statistical power. Because CRC frequency differs in young African American and Asian/Pacific Islander compared with a U.S. Caucasian population, we acknowledge that our study results likely apply only to Caucasians, and that different factors may contribute to CRC risk in African Americans and Asian/Pacific Islanders.
Our results corroborate that not all MSS tumors are aneuploid (17, 18) . The clinical features of tumor site, stage, and possibly family history in MSS tumors may be associated with CIN status depending on the age of onset of CRC and may help to explain the age-related differences in these clinical parameters. Further studies assessing larger groups for the interplay of age, stage, and site based on these parameters of MSS CINÀ or MSS CIN+ tumors are needed. At this point, there is substantial evidence to support subcategorizing MSS cancers that could be used to refine tumor phenotyping on the basis of genetic stability, i.e., MSS CINÀ versus MSS CIN+ CRC. MSS tumor phenotyping may be useful for clarifying etiologic mechanisms of MSS and possibly defining hereditary CRC among the young-onset MSS diploid CRC population. 
